biological processes to treat acute promyelocytic leukemia 8 .
One of the problems preventing TOM from more widespread adoption by modern healthcare is our poor understanding of the mechanisms of action of many of these natural products. This is of great clinical importance because many TOM active chemical ingredients have the potential to cause liver and kidney toxicity. An improved understanding of their mechanisms of action could provide insight into approaches for formulating TOM chemical compounds that have not only good synergistic medicinal effects but also fewer toxicities or side effects. It would also enable the systematic combination of different agents to address biological pathways containing multiple targets and provide a scientific rationale for relevant diseases where the underlying pathology would be addressed.
Thus far, conventional drug discovery efforts have tended to focus on signaling components, pathways and networks when discussing pathological conditions, rather than focusing on human metabolism and its components (e.g., enzymes, transport proteins and regulatory proteins), despite the importance of the latter in physiological phenomena 9 . Among the different chemical, pharmacological and systems biological approaches taken to characterize TOM 10 , the structural similarities of the TOMderived compounds to human metabolites can facilitate identifying their mechanisms of action. The concept of metabolite-likeness has been important in synthetic drug discovery as represented by metabolite analogs treating various diseases, for instance, cancers 11, 12 . Indeed, several TOM-derived active compounds that are structurally similar to metabolites have been shown to interact with the target proteins.
use in Asian countries in distinctive formats that share some common principles 1, 2 . Knowledge concerning the use of TOM over the millennia has grown empirically through experience and folklore, but products are often indicated to treat a great variety of seemingly unrelated symptoms, without reference to a mechanism of action or effect on an underlying disease-causing mechanism. At the same time, billions of people around the world use TOM each day, and these natural products have been the starting point for several successful Western drug development programs, including lovastatin (Mevacor) for cholesterol, artemisinin for malaria and carfilzomib (Kyprolis) for multiple myeloma.
The ultimate goal of TOM is to restore and maintain the energy and the overall balance of the human body 1 . This is fundamentally different from Western drug discovery and development, which is based on the concept of targeting a specific receptor, ion channel, enzyme or regulatory protein involved in causing the disease and symptom. Considering that the human body is a complex interacting system of many networks at the level of cells, tissues, organs and whole body, Western medicine is increasingly embracing polypharmacology as a complement to the traditional approach of using a single active ingredient or component to address a single target 3, 4 . Thus, multicomponent, multitarget approaches are of interest as potential means of treating complex diseases caused by abnormal interactions among multiple molecules and pathways in a biological system [5] [6] [7] . A notable example from TOM is the Realgar-Indigo naturalis formula, in which the major components tetraarsenic tetrasulfide, indirubin and tanshinone IIA generate synergies by intervening in distinct T he majority of modern drugs contain a single active ingredient or component developed around a proof-of-concept test of their activity against a single biological target. That any drug works by acting on a single target is of course rather simplistic, given that the human body is a complex system of intertwined and redundant metabolic, regulatory and interacting networks. Here, we analyze the molecular and systems-level characteristics of traditional oriental medicines (TOMs), which, unlike conventional drugs, are based on a multicomponent, multitarget approach. In the following Commentary, we propose how structural similarities of TOM-derived compounds to human metabolites can facilitate the identification of their mechanisms of action and potentially reduce toxicities. Finally, we propose that such strategies can facilitate further integration of TOM into modern drug discovery and development. Analyzing structural similarities between compounds derived from traditional oriental medicine and human metabolites is a systems-based approach that can help identify mechanisms of action and suggest approaches to reduce toxicity.
(ref. 21) . The structural comparisons were conducted using the small molecule subgraph detector (SMSD 22 ; see Supplementary Note for more detail). A comparison of the chemical structures of TOM-derived compounds with human metabolites is shown in Figure 1 (see also Supplementary Note and Supplementary Fig. 1) .
Results of the extensive pairwise structural comparisons reveal that the compounds in TOM are structurally more similar to human metabolites than approved drugs from DrugBank (i.e., they have greater similarity scores; Fig. 1a and Supplementary Note). When the similarity score is lower than 0.2, more compounds in DrugBank are similar to human metabolites than those in TOM. Conversely, for similarity scores greater than 0.2, more TOM compounds are similar to human metabolites than those in DrugBank. Differences in the number of structurally similar compounds among TOMs and approved drugs become greater than twofold for similarity scores between 0.5 and 0.7 (Fig. 1a) .
Many more TOM compounds than approved drugs are structurally similar to human metabolites ( Fig. 1b; 
Structural similarities
We carried out large-scale structural comparisons of TOM-derived compounds and approved drugs against human metabolites. Data files containing structural information of the active compounds observed in TOMs and human metabolites were downloaded from the TCM Database@Taiwan 19 and the Kyoto Encyclopedia of Genes and Genomes (KEGG) 20 , respectively. As a control, the same chemical data files for approved drugs were downloaded from the DrugBank 3.0 For example, genistein, which is structurally similar to estrogen, functions as an agonist for the estrogen receptor beta 13 , whereas emodin, which is structurally similar to cortisone, inhibits 11b-hydroxysteroid dehydrogenase type 1 (ref. 14) . However, the functions of many other TOM-derived compounds remain elusive.
In the following article, we provide a systematic study of the structural similarity of TOM-derived compounds and approved small-molecule drugs to human metabolites. Although natural products have been subjected to this type of large-scale comprehensive chemical analyses before [15] [16] [17] [18] , more detailed analyses are needed at the systems level. We also review design principles of We categorized the effects of combinations of TOM compounds into four types of synergistic combinations 25, 36 ( Fig. 2) : first, complementary action; second, neutralizing action; third, facilitating action; and fourth, pharmacokinetic potentiation. The first three combinations can be considered to be pharmacodynamic synergism 36 , whereas the last refers to pharmacokinetic synergism.
Complementary action usually involves multiple compounds positively regulating the target or targeting process together; neutralizing action involves one TOM compound downregulating the side effects of another TOM compound; facilitating action refers to the action of one compound enhancing the activity of another compound (e.g., one compound opens up a transporter for the influx of another compound into the cell); and finally, pharmacokinetic potentiation represents enhanced bioavailability of the compound (e.g., by blocking metabolic degradation of the active ingredient compound by another compound).
Categorization of such synergistic combinations is also applicable to the use of non-herbal synthetic drug combinations 36 . (It is interesting to note that these four categories of drug synergy have parallels in the traditional Kun-Shin-Choa-Sa design principle of TOM 37 ; see Supplementary Note).
Using these categories for the action of specific components of a TOM, one can make predictions about how they will interact. For instance, a synergistic neutralizing combination would involve a major component of a TOM that has a mechanism of action associated with both efficacy and side effects and a second complementary component that alleviates the side effects (but not the efficacy; Fig. 2 and Supplementary Table 2 ). It should be noted, however, that some combinations may confound these simple predictions; for example, a synergistic complementary combination where the major and complementary components show equal potencies at different target sites (Fig. 2) . ing 19 combinations (with ten newly found combinations). The next most common mechanism of action of a combination was neutralizing action (11 combinations with 2 newly found combinations), followed by
Box 1 Categorizing combinations
Measurements of metabolite-likeness may inform knowledge on mechanisms of action of TOM-derived compounds (Supplementary Table 1 ). Mapping metabolites structurally similar to TOM compounds should be useful in narrowing down the candidate pathways and/or reactions for elucidating the mechanisms of action of the TOM-derived synergistic effects (see below). For instance, metabolites (e.g., carbamazepine, 2-hydroxycarbamazepine and 3-hydroxycarbamazepine) similar to indirubin found in Realgar-Indigo naturalis formula appeared to be involved in drug metabolism (Supplementary Table 2) , and, in fact, indirubin has been known to induce drug metabolism by activating cytochromes 23 . Interestingly, in the case of danshensu, whose similar metabolites are largely associated with tyrosine metabolism (e.g., 3-(4-hydroxyphenyl)lactate, 3,4-dihydroxy-l-phenylalanine, 2-carboxy-2,3-dihydro-5,6-dihydroxyindole, 3-(4-hydroxyphenyl)pyruvate, and l-tyrosine; Supplementary Table 2), it was shown to inhibit tyrosine phosphorylation, thereby contributing to maintaining cell-cell adhesion 24 . It should be noted that when searching for such metabolites, the score thresholds for the structural similarity might need to be systematically adjusted to more thoroughly investigate different sets of metabolites predicted. More detailed information on structurally similar metabolites for the newly added 14 TOM-derived synergistic combinations is available in Supplementary  Table 2 .
Synergistic combinations
One potential advantage of TOM is that the presence of multiple active ingredients or compounds in any one product presents the opportunity to affect multiple targets 5 . Ma et al. 25 previously reported 24 verified combinations of TOM compounds, for which mechanisms of action are known. We have also analyzed the synergistic combinations of TOM compounds that have been reported to date through a thorough search of the literature since 2000; we regard combination studies performed before this period as nonsystematic (Supplementary Table 3) .
Our literature search identified a total of 38 (including 14 new) combinations of TOM compounds, all of which have information on compound structures and their interacting molecule targets (Box 1 and Fig. 2) . We then analyzed components on the basis of four categories of activity-complementary action, neutralizing action, facilitating action and pharmacokinetic potentiation (Box 1). On the basis of this analysis, complementary actions appear to be the most frequent mechanism of action, represent- TOM-derived components with high structural similarities to human metabolites may suggest likely mechanisms of action. Enzymes consuming metabolites structurally similar to TOM-derived compounds would be expected to be potential targets of those compounds 13, 14, 28 . This concept was previously validated by several theoretical and experimental studies, including two that identified metabolite-like chemicals that effectively inhibited the growth of microbial pathogens 29 and treat liver cancer 11 , respectively, and one that predicted the unintended off-target sites of commercial drugs 30 . Thus, we expect detailed studies based on metabolite likeness to reveal mechanisms of action of the compounds in TOM. The strategy is particularly suited for identifying compounds that target metabolism, such as emodin 14 , mentioned above. Compounds that interact and perturb regulatory or signaling proteins might or might not necessarily show structural similarities to metabolites. Thus, the combined use of the compounds in TOM targeting the metabolic enzymes, regulatory and transport proteins, and other compounds, either natural or synthetic, targeting regulatory or signaling proteins would cover a wide range of cellular drug targets, potentially opening up synergies between TOM, its active ingredients or components and conventional small-molecule drugs.
Our analysis of the types of interactions between different components of TOMs suggests that complementary actions between components are most common. This does not necessarily mean that a TOM shows efficacy mostly through complementary actions; categorization as a complementary action might simply be more amenable to biochemical analyses for validation than other types of synergistic combinations. More importantly, the mechanisms of action for each combination should be interpreted carefully because they can be more complicated than described in the literature as a result of influences from genetic and environmental (e.g., lifestyle) conditions of an individual person.
For TOM to be fully integrated into modern medicine, rigorous evaluation of the mechanisms of action of TOM active ingredients is key. Numerous TOM-derived compounds, either alone or in combination, have yet to be characterized with respect to their effects on specific human biology. Analyses of the mechanisms of action of TOM compounds offer opportunities for discovering new targets and drugs that can be complementary to conventional approaches used for developing approved drugs and their combinations to date 26 .
A previous study on the structural similarities of natural products from the TCM Database@Taiwan 19 supports our data 18 . We note that one report has shown that natural products have greater similarities to chemical drugs than human metabolites in terms of Tanimoto similarity (0.85 versus 0.58) 17 . A reason for this difference may be the use of compounds from the ZINC NP database 27 , which has information on only commercially available compounds. This suggests that the search for TOM-derived compounds with the potential for multitargeting should reach beyond the commercially available natural products. Natural evolution and the greater pool of compounds present in TOMs might have contributed to their similarities with human metabolites being greater than those observed for approved drugs 5, 18 . Another explanation is that approved drugs usually go through
In terms of metabolic pathways most commonly targeted by TOM compounds, it appears that amino acid metabolism has the greatest number of metabolites with similar structures to synergistic combinations of active ingredients (Fig. 3) . In addition, metabolic pathways associated with cofactors and vitamins were shared by all four types of synergistic combinations. Each synergistic combination showed distinct ranks of biological pathways with respect to the number of their structurally similar metabolites, indicating their potentially differentiated mechanisms of action.
Perspectives
The degree of structural similarity between TOM compounds and human metabolites is much higher than that for human metabolites and conventional small-molecule drugs. The greater number of such compounds in TOM may provide clues as to their potential for addressing multiple targets in vivo. Furthermore, mapping of the structurally similar metabolites onto their associated biological pathways may suggest potential sites of interaction between TOM-derived compounds and C O M M E N TA R Y npg be possible to advance our knowledge on the mechanisms of action of the specific TOM in the context of specific diseases, for example, by linking the expression levels of the genes and their respective proteins with the administered TOM compounds. Such systems biology studies will no doubt contribute to the modernization of TOM and the establishment of the multicomponent, multitargeting strategy as a new paradigm in medicine. Once identified, active compounds in TOM can be more efficiently produced by metabolic engineering and/or chemical synthesis. Instead of relying on impure plant extracts or tiny amounts of purified compounds for a limited spectrum of studies, the pure active compounds produced in large amounts will allow us to perform more systematic studies in various combinations. diseases. It may be that archived documents on TOM that were written many centuries ago can still be valuable in this respect as they often have clear guidelines on the clinically validated use of specific plants and animals for treating diseases or improving disease conditions. We anticipate that the identification of active compounds of TOM and their effective targets will remain a challenge for some years, but systems biology offers one promising approach for addressing the problem. Various systems biological approaches need to be employed for deciphering them at the systems level.
The multicomponent/multitargeting principle of TOM, which aims to sustain the healthy status of the human body in its entirety, is very compatible with the holistic view of systems biology, which considers interactions among components (e.g., genes, RNAs, proteins, metabolites and metabolic fluxes) at various levels and networks in a given biological system 6, 31 . For example, network-based approaches of systems biology will provide additional insights on the compounds in TOM by linking them with their targets at the whole metabolic and regulatory network level using high-throughput techniques, which will consequently allow us to predict more effective synergistic compounds 32 .
Furthermore, the newly updated genomescale human metabolic network models, such as Recon 33 and HMR 34 series, can be ideal platforms for data integration and analysis associated with TOM. At the moment, a wide range of omics data are available for various types of human cells. With the development of advanced methods for integrating omics data with the human metabolic network model (e.g., Recon 2.0 and HMR 2.0) 35 , it will C O M M E N TA R Y npg
